Abstract. Navy ship foundations are typically designed for shock using the Navy's Dynamic Design Analysis Method. The NAVSEA 0908-LP-000-3010, Rev. 1 manual states that a component modeled as a lumped mass with rigid links should not provide constraint to the support structure. This ensures foundations are designed to withstand all shock loads without accounting for additional stiffness provided by the component. Investigations are provided herein to illustrate the trade-offs and consequences of several approaches for component representations. The observations reinforce the notion that one must give careful consideration for the system being modeled, the expected modal characteristics, and compliance with NAVSEA 0908-LP-000-3010, Rev. 1.
Introduction to foundation shock analysis
Dynamic Design Analysis Method (DDAM) is the Navy's analytical method for shock qualification for components that are too large for practical testing and for foundations. The DDAM methodology is presented in NAVSEA 0908-LP-000-3010, Rev.1 (referred to herein as the 3010 manual). The methodology is founded upon dynamic analysis procedures developed by the Naval Research Laboratory in the early 1960's.
In ship design, DDAM implemented within a finite element analysis (FEA) platform is a standard tool for sizing foundation structure. Finite elements are used to analytically describe the structure or component, obtain the natural frequencies, and compute the stresses and deflections. Once the results have been obtained, the structure is evaluated to determine if the computed stresses and deflections satisfy the acceptance criteria given for its location and level of shock loading [1] .
Current analysis methodology
The component analysis may use a fixed-base assumption and completely ignore foundation stiffness and modal characteristics. Likewise, the foundation analysis may use a fixed-base assumption where the component is represented as a concentrated mass at the component center of gravity (c.g.) and is linked to the foundation structure; component stiffness and local modal characteristics are ignored. This approach allows the foundation designer and component designer to work independently and is generally the most convenient approach for components that are shock qualified by test. Exceptions to this approach sometimes are needed where the foundation and the component are both qualified by analysis.
Where shock analysis of foundation structure is concerned, careful consideration is required for appropriate component representation. Consider a typical 'tabletop' configuration such as shown in Fig. 1 . Historically, this system has typically been modeled as a concentrated mass at the component c.g. linked to a configuration of beams and plates using infinitely rigid links. Where the links attach to the foundation, the nodal rotations are usually free. If the nodal degrees of freedom at the
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Mass at C.G. component c.g. prevent the links from rotating or translating relative to each other, then the rigid link configuration in Fig. 1 is equivalent to a rigid frame pinned at the foundation. This actually provides constraint to the foundation structure. The pinned rigid frame is a potential violation of a fundamental principle of foundation design; "Where an item is modeled as a lumped mass with rigid links, the equipment model should not provide constraint to the support structure" (Section 3.2.6 of the 3010 manual [1] ). However, if the links are pinned at the component c.g. and the foundation, resulting modes may create loads that stretch and pry foundation structure; this may be unrealistic behavior depending on the system configuration. For example, consider the atypical system configuration in Fig. 2 ; a component bolted to two cantilevers with identical cross-sections. For the configuration in Fig. 2 , the structural behavior of the system should comply with section 3.2.6 of the 3010 manual, and the component representation should not produce unrealistic and damaging modes such as prying. Symmetric bending and extensional modes are realistic and acceptable.
Another general practice in foundation design is foundation symmetry. If the cantilevers in Fig. 3 are not equally stiff, the foundation is asymmetric and transmits unbalanced loads into the component. This is problematic when the component is analyzed independently with a fixed-base that does not account for these unbalanced forces. Resistance to deflection in the vertical direction is unbalanced causing a rocking or tilting mode, and should be avoided [1] . However, whether asymmetry can or cannot be avoided, compliance with section 3.2.6 of the 3010 manual is still required. In generally complex structures, some degree of structural asymmetry will likely exist.
Compliance with the 3010 manual is demonstrated by the first two modes shown in Fig. 3 and are marked with a √ . The independent bending and rocking/tilting modes occur because the component attachment does not transfer load from one cantilever to the other. The bending and extension are proportionate to the beam section properties. If the component attachment constrains the support structure and therefore transfers load from one beam to the other, a constrained bending mode occurs that does not comply with the 3010 manual. Finally, the prying mode complies with the 3010 manual but is unrealistic and potentially damaging to the structure. The characteristics of a system modeled with an appropriate component representation can be summarized as the following:
-The component attachment should not overly constrain the foundation. -The component model should not introduce fictitious and damaging responses.
Purpose and objectives
The purpose of this effort is to compare and contrast various lumped-mass component representations. The objectives of this study are: -Develop a summary of important characteristics for engineers to use in determining the most appropriate lumped-mass component representation. -Resolve modeling issues and expedite structural optimization.
Analytical approach
The approach used to achieve the stated goals was to develop a series of small test cases and observe their behavior under static and shock loading. Hull mounted, full elastic shock inputs were used. All analyses were run using the NASTRAN [2] and ABAQUS [3] structural analysis codes. The test case models shared the following characteristics:
-Two dimensional models, in-plane action only.
-Beam cross sections (structural tubing) were either 4" ×4" ×1/4" or 6" ×6" ×1/2". -The beam cantilevers were 72 inches tall and were set 48 inches apart on centerline.
A component was represented by a concentrated mass located at a net center-of-gravity on the vertical plane of symmetry at a 30-degree angle from the top of the foundation. The mass was linked to the structure using the various concepts described below. The beam structure added no mass.
1) Rod elements (Rod case)
Two test cases using rod elements are shown in Fig. 4 . Rod elements are tension-compression elements with no bending capability. The rod ends are pinned at the component C.G. and at the foundation, and as such do not constrain the structure nor do they distribute mass.
Because the ends are pinned, loads are transmitted along the element's axis. Vertical motion or loading of the mass point produces lateral loads and motion in the foundation (i.e., prying). In an attempt to reduce the magnitude of prying, the mass was split into two parts so that the net c.g. remained the same, but the actual mass points were above and below the bolting plane. 
2) Rigid frame (Rigid case)
The pinned rigid frame model in Fig. 5 connects the mass point to the foundation's translational degreesof-freedom only; there were no rotational degreesof-freedom connected. This is referred to herein as a pinned rigid frame because the links do not rotate relative to each other. The NASTRAN RBE2 and the ABAQUS Kinematic Coupling elements were used in the analyses for this component representation. These elements are similar to Multi-Point Constraints (MPC's), but offer the utility of relating the motion of a number of dependent nodes (versus just one) to that of a single independent node. They are enforced in both NASTRAN and ABAQUS through the elimination of the specified degrees of freedom at the dependent nodes.
3) Interpolation method (RBE3 case)
The interpolation method provides a means to distribute the component mass to the foundation without enforcing a rigid connection between the legs; the mass distribution does not introduce additional dynamic degrees-of-freedom into the problem. The mass el- ement in Fig. 6 is associated with the dependent node and is distributed to the independent nodes. The mass distribution takes into consideration the location of the dependent node relative to the independent nodes. This provides for the proper calculation of forces due to overturning. The NASTRAN RBE3 and the ABAQUS Distributing Coupling elements were used in the analyses for this component representation. These elements can be conceptualized as flexible implementations of MPC's and the RBE2 and Kinematic Coupling elements described above. 
4) Combination of the rod elements and the interpolation method (Combo case)
An approach was developed that combined the connecting properties of rods and the averaging property of the interpolation method. This model is referred to as the combination model. The mass is connected to the structure and the dependent node using rods. The dependent nodal displacements of the interpolation method force the mass node to displace approximately as the average of the independent nodal displacements. This prevents the vertical displacement of the mass node from prying apart the two cantilevers.
Static analysis results
The static analysis model in Fig. 8 is useful for illustrating structural constraint by the component representation. This figure does not show all of the component representations. It is, however, representative of the boundary and loading conditions applied in all cases. A 1,000 pound load was applied to the right cantilever for all component representation cases as shown in Fig. 8 . Reaction forces computed at the fixed base are provided in Table 1 ; the corresponding deformation plots are shown in Fig. 9 . These deformations and forces show that the Rod and RBE3 cases do not allow load transfer through the component, i.e., the component does not provide constraint to the support structure. However, load is transferred through the component for the Rigid and Combo cases, therefore violating the constraint principle in the 3010 manual. The undeformed configuration is shown with the deformed configuration for reference.
Shock analysis results
The shock analysis models are shown in Fig. 10 . This figure does not show all of the component representations. It is, however, representative of the boundary conditions and the structural and mass configurations in all cases. The asymmetric structure and mass configurations were selected to illustrate the differences in response for the component representations considered. The 3010 manual strongly recommends avoiding asymmetry, however, asymmetry is often unavoidable in actual ship configurations.
A summary of the results for the symmetric structure and mass model is provided in Tables 2 and 3 . Reaction forces were calculated and are dependent on frequency, mass participation, and surface ship full elastic, hull mounted shock response spectra. The 'V' and 'B' in the mass participation column represent 'vertical' and 'bending' modes, respectively. A '20 V' in the mass participation column indicates that the mode is primarily a vertical mode with a 20% mass participation and the resulting reaction forces are computed using vertical shock motion inputs. Corresponding mode shapes are provided in Fig. 11 .
The mode shapes and reaction forces were investigated and the following observations are made:
-Since the rod forces acted along the axis of the rods and both beams that comprise the foundation were weak in bending, the vertical response mode was characterized by an extreme and unrealistic prying apart of the two beams. The lateral reaction forces and moments due to this prying action were much greater than the other cases. Vertical reaction forces were much lower than for the other cases because of a significant lowering of the response frequency. (DDAM modal forces are a function of frequency, modal mass, mass participation and mode shape.) -The double-mass rod case introduced two additional modes. Had these masses been symmetrically located with respect to the bolting plane and the modeled foundation was itself symmetric, two of these four modes would have had zero modal mass and would not have been selected. When a lack of symmetry is introduced (in this case by moving the net center of gravity above the bolting plane), these additional modes gain modal mass and may be selected. In this case, both vertical modes resulted in prying the two cantilevers apart. However, this behavior was not as extreme as it was for the single-rod case; the lateral reaction forces were not as high. A summary of the results for the asymmetric structure model is provided in Tables 4 and 5. These tables  are very similar in format to Tables 2 and 3 , however the mass participation column for the Rod Cases identifies mass participation values associated with both shock directions for some of the modes. For example, an '81 V' and a '19 B' in the column means that mode is coupled and has a vertical mass participation of 81% and a lateral mass participation of 19%. Reaction forces are computed using vertical shock motion inputs for the 81% mass participation, and lateral shock motion inputs for the 19% mass participation. The Rigid, Combo, and RBE3 Cases do not have multiple mass participation because the vertical and bending modes are uncoupled. Corresponding mode shapes are provided in Fig. 12 .
-The single-mass Rod Case again exhibited a damaging and unrealistic vertical mode that resulted in prying apart the two cantilevers. This again resulted in lateral reaction forces and moments that were extremely high compared to the other cases, and vertical forces that were low. -The double-mass Rod Case also resulted in a prying mode but again was not as extreme as it was for the single-mass Rod Case; the lateral reaction forces were not as high. -The Rigid and Combo Case results were the same for both modes. -The vertical mode shapes for the Rigid, Combo and RBE3 cases all included some degree of lateral response. For the Rigid and Combo representations, the lateral deflections of the beams were attributed to the motions of the beam tops being constrained to move together. Since one beam can deflect a greater distance than the other, the lateral motions of the beams were necessary to maintain the same distance between these points. The lateral response for the RBE3 representation was caused by a similar, but more flexible relationship among the motions of the tops of the beams and the component mass (dependent node).
A summary of the results for the asymmetric mass model is provided in Tables 6, 7 , and 8. These tables are very similar in format to Tables 4 and 5 . Corresponding mode shapes are provided in Fig. 13 and 14 .
-The single-mass Rod Case again exhibited a damaging and unrealistic vertical mode that resulted in prying apart the two cantilevers. This again resulted in lateral reaction forces and moments that were extremely high compared to the other cases, and vertical forces that were low. -The double-mass Rod Case again resulted in a prying vertical mode. The reaction moments were high relative to those of the other vertical modes. -The Rigid and Combo Case results were approximately the same for all modes. -The second bending mode for the RBE3 Case was characterized by the out-of-phase lateral motion between the two mass points, but more apparently, between the tops of the beams. This mode did not meet the requirements for selection because the mass participation was insignificant. -The second vertical mode for the RBE3 Case was characterized by the out-of-phase vertical motion between the two mass points, but more apparently, between the tops of the beams. This mode also included some lateral motion of the left leg. This response can be viewed as sensible in light of the RBE3's more flexible implementation of the Rigid Case's rigid relationship between the motions of the tops of the beams and the component mass (dependent node). This mode did not meet the requirements for selection because the mass participation was insignificant.
Concluding remarks
The observations listed above yield no definite conclusion that highlights one component representation as the correct model to use in all cases. In fact, the observations confirm the original notion that one must give careful consideration for the system being modeled, the expected modal characteristics, and compliance with NAVSEA 0908-LP-000-3010, Rev. 1. However, some brief summary observations are relevant:
-Single-mass rod element representations should be avoided when the in-plane stiffness of the foun- 
dation is relatively low. In general, they are reasonable when the component mass point is located well above the bolting plane and the foundation's in-plane stiffness is somewhat greater than its vertical stiffness. -Double-mass rod element representations should be avoided when the component mass is not in or close to the bolting plane, and when the foundation structural stiffness and mass are not reasonably balanced (symmetric). -Pinned rigid frames transfer load through the component and can over-constrain the foundation. Their use is reasonable when information dependent on rotations of the component mass point is important or when the constraint that they add to the model is justified. -The combination of rods and an RBE3 behaves essentially the same as a pinned rigid frame in twodimensional problems. For three-dimensional analyses, some independent motion of the rods is permitted while the element's behavior approximates that of the rigid frame in an average sense. -The RBE3 element is acceptable for all cases herein.
Some of the cases comply with the 3010 manual, yet produce mode shapes and reaction forces that are unrealistic. If a component were stiff, then one would expect the models herein to behave such that the cantilevers displace as if the tops were tied together. However, achieving these modes require component representations that are rigid and violate the fundamental principle of structural constraint mentioned in the 3010 manual.
The observations listed herein, and knowledge about the various component representations, were used to Can sometimes lead to insignificant, but unintuitive modes.
compile Table 9 , summarizing the advantages and disadvantages of the various modeling techniques to represent the component. The comments in Table 9 are intended to be generic and widely applicable, however, one must not be quick to assume that these comments absolutely apply to their system model.
